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Theoretical explanations of experimental signals

Resonant
 Conventional hadrons

 Exotic states
➢ Molecular states: 

loosely bound states composed of 

a pair of mesons/baryons; probably 

bounded by the pion exchange.

➢ Multiquark states: 

bound states of four/five/six quarks; 

bounded by colored-force between 

quarks; there are many states within 

the same multiplet.

➢ Hybrids: 

bound states composed of a pair of 

quarks and one valance gluon.

Non-Resonant
Many exotic states lie very close to open-

charm threshold; It’s quite possible that 

some threshold enhancements are not 

real resonances.

• Kinematical effect

• Opening of new threshold

• Cusp effect

• Final state interaction

• Interference between continuum 

and charmonium states

• Triangle singularity due to the 

special kinematics

𝑫𝒔𝟎
∗ (𝟐𝟑𝟏𝟕)

𝑫𝒔𝟏(𝟐𝟒𝟔𝟎)
…



➢ Various quark models

➢ Various effective methods

➢ Lattice QCD

➢ QCD sum rules

……

➢ Some non-resonant explanations

➢ Many methods/models to study productions and 

decay patterns of exotic hadrons

Theoretical methods/models mostly from Quark Level 



Theoretical methods/models mostly from Quark Level 

➢ Various quark models

➢ Various effective methods

➢ Lattice QCD

➢ QCD sum rules

……

fine structure of QCD?

These studies help to understand the internal structure of hadrons

The LHCb Experiment [arXiv:1703.04639]



Internal structure of hadrons

• The internal structure of hadrons is complicated.

• We can construct various interpolating currents to reflect 

this using the method of 

QCD sum rules within 

heavy quark effective theory (HQET)
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𝑱 = 𝒔𝑸 + 𝒔𝒒 + 𝑳

Internal structure of heavy mesons

heavy meson (Q-q):

Q q

𝑠𝑄 𝑠𝑞

𝑳



• Based on the heavy quark effective theory, the leading order 

Lagrangian does not depend on 𝑚𝑄. Hence, the two heavy hadrons 

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q): 𝑱 = 𝒔𝑸 + 𝑳 + 𝒔𝒒 𝒋𝒍

Internal structure of heavy mesons

spin of the light degree of freedom



= 1/2 = 1/2

Internal structure of heavy mesons

• Based on the heavy quark effective theory, the leading order 

Lagrangian does not depend on 𝑚𝑄. Hence, the two heavy hadrons 

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q): 𝑱 = 𝒔𝑸 + 𝑳 + 𝒔𝒒 𝒋𝒍



= 1/2 = 1/2

𝐿 = 0 ∶ 𝑗𝑙 = 1/2, 𝐽𝑃 = 0−, 1−

Internal structure of heavy mesons

• Based on the heavy quark effective theory, the leading order 

Lagrangian does not depend on 𝑚𝑄. Hence, the two heavy hadrons 

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q): 𝑱 = 𝒔𝑸 + 𝑳 + 𝒔𝒒 𝒋𝒍



= 1/2 = 1/2

𝐿 = 0 ∶ 𝑗𝑙 = 1/2, 𝐽𝑃 = 0−, 1−

𝐿 = 1 ∶ ൝
𝑗𝑙 = 1/2, 𝐽𝑃 = 0+, 1+

𝑗𝑙 = 3/2, 𝐽𝑃 = 1+, 1+

Internal structure of heavy mesons

• Based on the heavy quark effective theory, the leading order 

Lagrangian does not depend on 𝑚𝑄. Hence, the two heavy hadrons 

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q): 𝑱 = 𝒔𝑸 + 𝑳 + 𝒔𝒒 𝒋𝒍



= 1/2 = 1/2

𝐿 = 0 ∶ 𝑗𝑙 = 1/2, 𝐽𝑃 = 0−, 1−

𝐿 = 1 ∶ ൝
𝑗𝑙 = 1/2, 𝐽𝑃 = 0+, 1+

𝑗𝑙 = 3/2, 𝐽𝑃 = 1+, 1+

𝐿 = 2 ∶ ൝
𝑗𝑙 = 3/2, 𝐽𝑃 = 1−, 2−

𝑗𝑙 = 5/2, 𝐽𝑃 = 2−, 3−

Internal structure of heavy mesons

• Based on the heavy quark effective theory, the leading order 

Lagrangian does not depend on 𝑚𝑄. Hence, the two heavy hadrons 

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q): 𝑱 = 𝒔𝑸 + 𝑳 + 𝒔𝒒 𝒋𝒍



• We can construct relevant interpolating fields with derivatives to well 

describe the above internal structure:

• Through QCD sum rules,  the mass splitting within the same doublet can 

be evaluated quite well with much less uncertainties.

Internal structure of heavy mesons

𝐿 = 2 ∶

𝑗𝑙 = 3/2

𝐽𝑃 = 1−, 2−

𝑗𝑙 = 5/2

𝐽𝑃 = 2−, 3−



D mesons (c-q) Ds mesons (c-s)

Multiplets 𝐽𝑃 Experiments Ours Experiments Ours

𝐿 = 0, 𝑗𝑙 =
1

2

0− 𝐃 -- 𝐃𝐬 --

1− 𝐃∗ -- 𝐃𝐬
∗ --

𝐿 = 1, 𝑗𝑙 =
1

2

0+ 𝐃𝟎
∗(𝟐𝟒𝟎𝟎) -- 𝐃𝐬𝟎

∗ (𝟐𝟑𝟏𝟕) --

1+ 𝐃𝟏(𝟐𝟒𝟐𝟎) -- 𝐃𝐬𝟏(𝟐𝟒𝟔𝟎) --

𝐿 = 1, 𝑗𝑙 =
3

2

1+ 𝐃𝟏(𝟐𝟒𝟑𝟎) -- 𝐃𝐬𝟏(𝟐𝟓𝟑𝟔) --

2+ 𝐃𝟐
∗(𝟐𝟒𝟔𝟎) -- 𝐃𝐬𝟐

∗ (𝟐𝟓𝟕𝟑) --

𝐿 = 2, 𝑗𝑙 =
3

2

1− 𝐃𝟏
∗(𝟐𝟕𝟔𝟎) 2.75 GeV 𝐃𝐬𝟏

∗ (𝟐𝟖𝟔𝟎) 2.81 GeV

2−

𝐃 𝟐𝟕𝟓𝟎 ?
2.78 GeV -- 2.82 GeV

𝐿 = 2, 𝑗𝑙 =
5

2

2− 2.72 GeV -- 2.81 GeV

3− 𝐃𝟑
∗(𝟐𝟕𝟔𝟎) 2.78 GeV 𝐃𝐬𝟑

∗ (𝟐𝟖𝟔𝟎) 2.85 GeV

𝐿 = 3, 𝑗𝑙 =
5

2

2+ -- -- -- 3.45 GeV

3+ -- -- -- 3.50 GeV

𝐿 = 3, 𝑗𝑙 =
7

2

3+ -- -- -- 3.20 GeV

4+ -- -- -- 3.26 GeV

D-wave

F-wave

P-wave

S-wave
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The internal structure of heavy baryons is more complicated 

than heavy mesons, and more interesting: 

λ-excitation and ρ-excitation

What is more interesting: heavy baryons

heavy baryon (Q-q1-q2):

𝑱 = 𝑠𝑄 + 𝑠𝑞1 + 𝑠𝑞2 + 𝑙𝜌 + 𝑙𝜆

= 𝑠𝑄 + 𝑠𝑞1 + 𝑠𝑞2 + 𝑙𝜌 + 𝑙𝜆 𝒋𝒍



The Pauli principle can be directly applied to the two light quarks:

➢ color ഥ𝟑𝑪 antisymmetric

➢ orbital 𝒍𝝆 ቊ
symmetric

antisymmetric

➢ spin 𝒔𝒒𝒒 = ቊ
𝟏 symmetric

0 antisymmetric

➢ SU(3) flavor ቊ
𝟔𝑭 symmetric

ഥ𝟑𝑭 antisymmetric

What is more interesting: heavy baryons
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𝐿 = 0 ൝
𝒋𝒍 = 𝒔𝒒𝒒 = 𝟎, 𝐽𝑃 = 1/2+

𝒋𝒍 = 𝒔𝒒𝒒 = 𝟏, 𝐽𝑃 = 1/2+, 3/2+

ത3𝐹
6𝐹
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S-wave charmed baryons

𝐿 = 0 ൝
𝒋𝒍 = 𝟎, 𝐽𝑃 = 1/2+

𝒋𝒍 = 𝟏, 𝐽𝑃 = 1/2+, 3/2+

ത3𝐹: Λ𝑐 , Ξ𝑐

6𝐹: Σ𝑐 , Σ𝑐
∗ , Ξ𝑐

′ , Ξ𝑐
∗ , (Ω𝑐 , Ω𝑐

∗)

𝐿 = 0 ൝
𝒋𝒍 = 𝟎, 𝐽𝑃 = 1/2+

𝒋𝒍 = 𝟏, 𝐽𝑃 = 1/2+, 3/2+

ത3𝐹: Λ𝑏 , Ξ𝑏

6𝐹: Σ𝑏 , Σ𝑏
∗ , Ξ𝑏

′ , Ξ𝑏
∗ , (Ω𝑏, Ω𝑏

∗ )

heavy baryons well known

S-wave bottom baryons



S-wave charmed baryons

𝐿 = 0 ൝
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6𝐹: Σ𝑏 , Σ𝑏
∗ , Ξ𝑏

′ , Ξ𝑏
∗ , (Ω𝑏, Ω𝑏

∗ )

heavy baryons well known

S-wave bottom baryons

missing



P-wave charmed baryons



P-wave charmed baryons

𝐿 = 1, 𝒋𝒍 = 𝟏, 𝐽𝑃 = 1/2−, 3/2− ത3𝐹 ቊ
(Λ𝑐 2595 , Λ𝑐 2625 )

(Ξ𝑐 2790 , Ξ𝑐 2815 )

P-wave bottom baryons

ത3𝐹 ቊ
(Λ𝑏 5912 , Λ𝑏 5920 )

(Ξ𝑏 ? , Ξ𝑏 ? )
𝐿 = 1, 𝒋𝒍 = 𝟏, 𝐽𝑃 = 1/2−, 3/2−

heavy baryons possibly known



P-wave charmed baryons

𝐿 = 1, 𝒋𝒍 = 𝟏, 𝐽𝑃 = 1/2−, 3/2− ത3𝐹 ቊ
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ത3𝐹 ቊ
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(Ξ𝑏 ? , Ξ𝑏 ? )
𝐿 = 1, 𝒋𝒍 = 𝟏, 𝐽𝑃 = 1/2−, 3/2−

missing

heavy baryons possibly known



D-wave charmed baryons

𝐿 = 2, 𝒋𝒍 = 𝟐, 𝐽𝑃 = 3/2+, 5/2+ ത3𝐹 ቊ
(Λ𝑐 2860 , Λ𝑐 2880 )

(Ξ𝑐 3055 , Ξ𝑐 3080 )

D-wave bottom baryons

𝐿 = 2, 𝒋𝒍 = 𝟐, 𝐽𝑃 = 3/2+, 5/2+ ത3𝐹 ቊ
(Λ𝑏 ? , Λ𝑏 ? )

(Ξ𝑏 ? , Ξ𝑏 ? )

heavy baryons possibly known



D-wave charmed baryons

𝐿 = 2, 𝒋𝒍 = 𝟐, 𝐽𝑃 = 3/2+, 5/2+ ത3𝐹 ቊ
(Λ𝑐 2860 , Λ𝑐 2880 )

(Ξ𝑐 3055 , Ξ𝑐 3080 )

D-wave bottom baryons

𝐿 = 2, 𝒋𝒍 = 𝟐, 𝐽𝑃 = 3/2+, 5/2+ ത3𝐹 ቊ
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missing

heavy baryons possibly known



P-wave charmed baryons

𝐿 = 1, 𝒋𝒍 = 2? , 𝐽𝑃 = 3/2−? , 5/2−?

6𝐹 ൞

Σ𝑐 2800 , ?

Ξ𝑐 2930 , Ξ𝑐 2980 , ?

Ω𝑐 3000 , Ω𝑐 3050 , Ω𝑐 3066 , Ω𝑐 3090 , Ω𝑐 3119 ?

heavy baryons not well known



P-wave charmed baryons

𝐿 = 1, 𝒋𝒍 = 2? , 𝐽𝑃 = 3/2−? , 5/2−?

6𝐹 ൞

Σ𝑐 2800 , ?

Ξ𝑐 2930 , Ξ𝑐 2980 , ?

Ω𝑐 3000 , Ω𝑐 3050 , Ω𝑐 3066 , Ω𝑐 3090 , Ω𝑐 3119 ?

heavy baryons not well known

Are there more 𝜮𝒄(𝟏𝑷) and 𝜩𝒄(𝟏𝑷) states?

Which 𝜴𝒄 states are 1P states?



The doubly heavy baryon Ξ𝒄𝒄
++(𝟑𝟔𝟐𝟏)

• The heavy quark effective theory may not be very appropriate to 

study doubly heavy baryons, but their internal structure is still 

interesting.

• We propose to search for the doubly heavy baryon Ξ𝒄𝒄
∗ of 𝐽𝑃 = 3/2+

via its electromagnetic transition:

Γ Ξ𝒄𝒄
∗++ → 𝜸Ξ𝒄𝒄

++ = 13.7−7.9
+17.7 𝑘𝑒𝑉. 



Several Remarks

• Thanks to the efforts of experimentalists, various signals of heavy 

hadrons as well as exotic hadrons were observed in recent years, 

making hadron physics popular once more.

• Different from exotic hadrons, it seems that we well know the internal 

structure of heavy mesons and heavy baryons. Especially, the heavy 

quark effective theory plays an important role. 

• All the above assignments are just possible assignments. We propose 

to search for higher excited heavy hadrons in future experiments, such

as HIEPA, to further understand them.





QCD SUM RULE

• In sum rule analyses, we consider two-point correlation functions:

where η is the current which can couple to hadronic states.

• In QCD sum rule, we can calculate these matrix elements from QCD (OPE) and 
relate them to observables by using dispersion relation.



Quark and Gluon Level

Hadron Level

dispersion relation

ρ

s0 M s0

Quark-Hadron Duality

s = -q2

(Convergence of OPE)

(Sufficient amount of Pole contribution)

(Positivity)

SVZ sum rule (Shifman 1979)

(for baryon case)

Π𝑝ℎ𝑦𝑠 𝑞2 = 𝑓𝑃
2
𝑞 +𝑀

𝑞2 −𝑀2



 Borel transformation to suppress the higher order terms:

 Two parameters

MB ,    s0

We need to choose certain region of (MB, s0).

 Criteria

1. Stability

2. Convergence of OPE

3. Positivity of spectral density

4. Sufficient amount of pole contribution

QCD Sum Rule


